Introduction {#s1}
============

Disulfide-bond A oxidoreductase-like protein (DsbA-L) has been demonstrated to play a key role in the biosynthesis and multimerization of adiponectin ([@B1]), an adipocyte-derived hormone with multiple salutary effects including insulin sensitizing, anti-inflammatory, antiatherogenic, and cardioprotective ([@B2]). DsbA-L promotes adiponectin multimerization and stability in 3T3-L1 cells and in mice ([@B1],[@B3]) and provides a protective effect against endoplasmic reticulum stress--mediated adiponectin downregulation in obesity ([@B4]). The level of DsbA-L is negatively correlated with obesity in mice and humans ([@B1]). Recently, it was demonstrated that the fat-specific overexpression of DsbA-L protected mice against diet-induced obesity, insulin resistance, and hepatic steatosis ([@B3]). These findings suggest that DsbA-L has beneficial effects on metabolism and the regulation of DsbA-L expression could be an effective therapeutic regiment for the treatment of obesity and its associated metabolic disorders.

DsbA-L is expressed ubiquitously but at variable levels ([@B5],[@B6]). However, little is known on the mechanisms regulating DsbA-L gene expression. Here, we have characterized the promoter activity of mouse DsbA-L and identified Sp1 as a negative regulator of DsbA-L gene transcription.

Research Design and Methods {#s2}
===========================

Plasmids {#s3}
--------

A 2593 bp fragment containing the 5′-flanking region and DNA encoding exon 1 and the first intron region of the mouse DsbA-L gene (−2004 to +588 relative to the transcription start site \[TSS\]) was inserted into the luciferase reporter vector pGL3-basic (Promega) to create construct p(−2004 to +588)Luc. Then, a series of 5′ or 3′ deletion reporter constructs and mutant construct was generated. The primers used for various constructs are listed in [Table 1](#T1){ref-type="table"}.

###### 

Sequences of primers and oligonucleotides used for generation of constructs, mutagenesis, EMSA probes, ChIP, and quantitative real-time PCR

  Primer/oligonucleotide                          Sequence
  ----------------------------------------------- ------------------------------------------------------------------------------------------------
  Primers for constructs                          
   p(−2004 to +588)Luc                            F1: 5′-CTA[GCTAGC]{.ul}AACTGCCTCAGCTGCTTCAC-3′; R1: 5′-CCG[CTCGAG]{.ul}AAGAAGGGGAGCTTGTGTGG-3′
   p(−2004 to +41)Luc                             F1; R2: 5′-CCG[CTCGAG]{.ul}GGGCTGCCGAAGAGCTTTAG-3′
   p(−1591 to +41)Luc                             F2: 5′-CTA[GCTAGC]{.ul}CAGCCAGTGACTCCAGTAAC-3′; R2
   p(−894 to +41)Luc                              F3: 5′-CTA[GCTAGC]{.ul}CACCATTGACCCACTAAACC-3′; R2
   p(−186 to +41)Luc                              F4: 5′-CTA[GCTAGC]{.ul}GCTGGCTGCACACACTTGAG-3′; R2
   p(−34 to +41)Luc                               F5: 5′-CTA[GCTAGC]{.ul}TTAGCAGACCCGCCTGCAAT-3′; R2
   p(−186 to +588)Luc                             F4; R1
   p(−186 to +432)Luc                             F4; R3: 5′-CCG[CTCGAG]{.ul}TCCCGTAGAGCATCCTAGCG-3′
   p(−186 to +391)Luc                             F4; R4: 5′-CCG[CTCGAG]{.ul}CTTGACCTAGCTTCATTGGAG-3′
   p(−186 to +371)Luc                             F4; R5: 5′-CCG[CTCGAG]{.ul}GTTGCCTCTGTTCTTTCTAG-3′
   p(−186 to +227)Luc                             F4; R6: 5′-CCG[CTCGAG]{.ul} AATTTCTGCAGCCCGGTGAT-3′
   siRNA                                          F: 5′- GGATGGTTCTGGTCAAATACA-3′
   Scrambled                                      F: 5′- GGGTGCATATACAGATTGACT-3′
  Probes for site-directed mutagenesis and EMSA   
   p(−186 to 432)Luc mut                          5′-CGAGTCCCGTAGAGCATCCTAGCGCCCCTGATGAACTTGACCTAGCTTCATTGGAGTTGCCTCTG-3′
   DsbA-L                                         5′-GTCAAGTTCGGGGAGGGGGATCAG-3′
   Sp1C                                           5′-GGGTCTGGGCGGGGGGGAGGGGACC-3′
  Primers for ChIP                                
   DsbA-L                                         F: 5′-CAGAGGCAACTCCAATGAAG-3′; R: 5′-CTAAGTGCTGGACAGAGATG-3′
  Primers for quantitative real-time PCR          
   DsbA-L                                         F: 5′-GAATGTCCACAGCGCAAGCC-3′; R: 5′-AGTGGTGGGTAGCCCAAAGG-3′
   GAPDH                                          F: 5′-GGATTTGGCCGTATTGGG-3′; R: 5′-GTTGAGGTCAATGAAGGGG-3′

*Nhe*I and *Xho*I restriction sites are underlined. mut, mutant; siRNA, small interfering RNA.

Luciferase Reporter Assays {#s4}
--------------------------

The various firefly luciferase reporter plasmids and the Renilla luciferase--expressing plasmid (pRL-TK; Promega) were transiently transfected into human embryonic kidney (HEK)293 cells and 3T3-L1 preadipocytes cells. Forty-eight hours after transfection, cells were harvested and luciferases were assessed using the Dual Luciferase Assay System (Promega) according to the manufacturer's protocols. For overexpression or knockdown experiments, Sp1 expression plasmid or Sp1 shRNA plasmid was cotransfected, respectively.

Electrophoretic Mobility Shift Assay {#s5}
------------------------------------

Electrophoretic mobility shift assay (EMSA) was carried out using the LightShift EMSA Optimization and Control kit (Pierce). Probes and competitors are listed in [Table 1](#T1){ref-type="table"}.

Chromatin Immunoprecipitation {#s6}
-----------------------------

Chromatin immunoprecipitation (ChIP) was performed by using the Agarose ChIP kit (Pierce) according to the manufacturer's instructions. Primers are listed in [Table 1](#T1){ref-type="table"}.

Quantitative Real-Time PCR {#s7}
--------------------------

Experiments were performed on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems) using SYBR Green, and primers are listed in [Table 1](#T1){ref-type="table"}.

Statistical Analysis {#s8}
--------------------

All data were analyzed by Student *t* tests or ANOVA, followed by Dunnett post-hoc test using GraphPad Prism (GraphPad Software). *P* values \<0.05 were considered statistically significant.

Results {#s9}
=======

Identification of DsbA-L Proximal Promoter Region and Potential Transcription Factor Binding Sites {#s10}
--------------------------------------------------------------------------------------------------

Nucleotide sequence of mouse DsbA-L promoter was obtained from the National Center for Biotechnology Information (GenBank accession no. NC_000072.5). The TSS for the DsbA-L gene was determined from a search of the transcriptional regulatory element database ([@B7]) and was defined as +1 ([Fig. 1](#F1){ref-type="fig"}). For identification of the proximal promoter region, a series of 5′ deletion promoter reporter constructs with a common 3′-terminus at nucleotide +41 was generated and transient expressed into HEK293 or 3T3-L1 cells. In HEK293 cells, the p(−2004 to +41)Luc showed a 50-fold increase in promoter activity compared with the luciferase reporter vector pGL3-basic ([Fig. 2*A*](#F2){ref-type="fig"}). Deletion from −2004 to −186 (p\[−186 to +41\]Luc) had no significant effect on reporter gene activities, but further deletion to −34 (p\[−34 to +41\]Luc) dramatically reduced the luciferase levels to ∼5% of that of the p(−2004 to +41)Luc, implying that the proximal promoter is located between −186 and −34 relative to TSS of DsbA-L. Similar results were observed in 3T3-L1 cells ([Fig. 2*A*](#F2){ref-type="fig"}).

![Nucleotide sequence of the 5′-flanking region and DNA encoding exon 1 and intron 1 region of the mouse DsbA-L gene. The numbering of the sequence is relative to the TSS (+1) indicated by the arrow. The translation start site (ATG) is boxed. Sequence of the proximal promoter appears in boldface type. The potential binding sites predicted by MAPPER software are underlined. Coding nucleotides are in capital letters, and intronic sequences are in italics.](4165fig1){#F1}

![Analysis of the mouse DsbA-L promoter activities in HEK293 cells and 3T3-L1 cells. Luciferase reporter constructs containing the indicated promoter fragments of the mouse DsbA-L gene were transiently transfected into HEK293 cells or 3T3-L1 cells. Forty-eight hours after transfection, cells were harvested and luciferase activity was determined. Relative luciferase activities were normalized to pRL-TK luciferase activity and expressed as means ± SD in fold of activity obtained with the luciferase reporter vector pGL3-basic. All data are presented as three individual transfection experiments. *A*: 5′ deletion analysis of the mouse DsbA-L promoter reveals the proximal DsbA-L promoter located between nt −186 and −34 relative to the TSS. Schematic structures of the reporter constructs are shown on the left. \**P* \< 0.05 vs. pGL3-basic, \#*P* \< 0.05 vs. p(−2004 to +41)Luc. *B*: Mapping of the *cis*-acting elements in the first intron responsible for the mouse DsbA-L promoter activity. Schematic representation of the reporter construct including the −186/+588 region of the mouse DsbA-L gene. \**P* \< 0.05 vs. p(−186 to +588)Luc. *C*: Sp1-binding motif is important for mouse DsbA-L promoter activity. Schematic representation of the reporter constructs with internal deletion mutation of Sp1. \**P* \< 0.05 vs. wild-type construct. *D* and *E*: Analysis of the influence of Sp1 on DsbA-L promoter activity. HEK293 cells were cotransfected with the reporter constructs p(−186 to +432)Luc and p(−186 to +391)Luc and Sp1 expression construct or Sp1 shRNA plasmid. \**P* \< 0.05 vs. p(−186 to +391)Luc.](4165fig2){#F2}

Since the first intron often contains *cis*-acting regulatory elements, we tested whether the DNA sequence encoding the first intron of mouse DsbA-L gene confers DsbA-L promoter activity by two report constructs, p(−2004 to +588)Luc and p(−186 to +588)Luc, both containing the first intron region in addition to the promoter region. As shown in [Fig. 2*A*](#F2){ref-type="fig"}, compared with p(−2004 to +41)Luc, the presence of the first intron resulted in a dramatic reduction in DsbA-L promoter activity. For mapping of the essential regulatory region within the first intron, a series of truncated report constructs, which contain a fixed 5′ end at the −186 position but different 3′ ends, was generated. In both cell lines, deletion of the sequence from +588 to +432 did not alter the luciferase activity ([Fig. 2*B*](#F2){ref-type="fig"}). However, deletion from +432 to +391 led to recovery of luciferase reporter activity ([Fig. 2*B*](#F2){ref-type="fig"}). Further deletion to +371 or to +227 did not further increase the promoter activity ([Fig. 2*B*](#F2){ref-type="fig"}), suggesting that the region between +391 and +432 contains important *cis*-acting repressor elements that suppress DsbA-L transcription.

Putative Sp1-Binding Site Within the First Intron Region of the Mouse DsbA-L Gene Is Responsible for Regulating the Promoter Activity {#s11}
-------------------------------------------------------------------------------------------------------------------------------------

To elucidate the mechanisms underlying the regulation of the transcriptional activity of the DsbA-L promoter, we searched for transcription factor binding sites using the MAPPER software. Several putative transcription factor binding sites were identified ([Fig. 1](#F1){ref-type="fig"}). Notably, a single Sp1-binding site was found in between +391 to +432, the region involved in regulating the promoter activity ([Fig. 2*B*](#F2){ref-type="fig"}). To estimate the contribution of this binding site to the negative regulation of the DsbA-L promoter activity, we generated a mutant reporter construct by removing the sequence between +395 and +404 that harbors the putative Sp1-binding site. Deletion of the putative Sp1-binding site increased DsbA-L promoter activities by ∼2.6- and ∼2.0-fold compared with the control construct (p\[−186 to +432\]Luc) in HEK293 cells and 3T3-L1 cells, respectively ([Fig. 2*C*](#F2){ref-type="fig"}). Overexpression of Sp1 reduced the luciferase activities of the reporter gene containing the putative Sp1 site (p\[−186 to +432\]Luc) by ∼40% compared with the control construct that does not contain the putative Sp1 site (p\[−186 to +391\]Luc) ([Fig. 2*D*](#F2){ref-type="fig"}). In contrast, suppressing Sp1 expression by siRNA increased luciferase activity of p(−186 to +432)Luc by approximately twofold ([Fig. 2*E*](#F2){ref-type="fig"}). Taken together, these results implied that DsbA-L promoter transcriptional activity might be negatively regulated by Sp1 through the putative Sp1-binding sites.

Sp1 Binds to the Sequences Encoding the First Intron of the DsbA-L Gene {#s12}
-----------------------------------------------------------------------

To determine the interaction of Sp1 with the putative binding sites, we performed EMSA using the DNA probe derived from the DsbA-L intron (+386 to +409) that encompasses the putative Sp1-binding site. The oligonucleotide formed a prominent complex with the nuclear extracts from HEK293 cells, and the intensity of the complex increased with the increasing amounts of the nuclear extracts ([Fig. 3*A*](#F3){ref-type="fig"}, lanes 4--7). The mobility of DNA-protein complex is similar to that of the complex with the Sp1C probe ([Fig. 3*A*](#F3){ref-type="fig"}, lane 2), which contains the consensus Sp1-binding site and a similar core sequence to that of the potential Sp1-binding site in the intron of DsbA-L. Similar results were observed using the nuclear extracts from 3T3-L1 cells (data not shown). The formation of the complex of DsbA-L probe was competed using excess of unlabeled DsbA-L probe ([Fig. 3*B*](#F3){ref-type="fig"}, lanes 3--4) or unlabeled Sp1C probe ([Fig. 3*B*](#F3){ref-type="fig"}, lane 5). Furthermore, the formation of the DNA-protein complex was prevented by an anti-Sp1 antibody, which led to the production of a slow migrating band in supershift assays ([Fig. 3*C*](#F3){ref-type="fig"}, lane 3). Besides, ChIP assays were performed in 3T3-L1 cells. The protein-DNA complex coimmunoprecipitated with Sp1 was recovered, and the purified DNA was used as a template for PCR using primers corresponding to the potential Sp1-binding site. A 184-bp PCR product was amplified from the DNA fragment immunoprecipitated by Sp1 antibody ([Fig. 3*D*](#F3){ref-type="fig"}, lane 5). These results indicated that Sp1 bound to the potential Sp1 site within the intron region of the DsbA-L in vitro and in intact cells.

![Specific binding of Sp1 to the first intron of the DsbA-L gene. *A*: EMSA. The DsbA-L probe encompassed the putative Sp1-binding site, and Sp1C probe contained the consensus site for Sp1. In binding reactions, the labeled probes were incubated in the absence or presence of increasing amounts of nuclear extracts from HEK293 cells. *B*: For the competition, the unlabeled competitors in 100- and 200-fold molar excesses of the labeled probe were included in the reaction prior to the addition of the labeled probes. *C*: For supershift analysis, nuclear extracts were incubated with the antibody against Sp1 or serum before the addition of the labeled DsbA-L probe. The arrow and an arrowhead indicate the specific DNA-protein complexes and supershift band, respectively. *D*: ChIP analysis. ChIP analysis was performed as described in [research design and methods]{.smallcaps}. As a negative control, the chromatin was incubated with nonspecific IgG. DNA immunoprecipitated through the antibody against Sp1 was analyzed by PCR with primers specific for the DsbA-L. Input DNA and diethylpyrocarbonate-treated water (DEPC H~2~O) were used as a positive or negative control for the PCR reaction, respectively. *E*: DsbA-L transcription is increased during 3T3-L1 differentiation to adipocytes. 3T3-L1 fibroblasts were differentiated into adipocytes, and cells were collected on the indicated days. Total RNA was isolated and subjected to quantitative real-time PCR analysis for DsbA-L mRNA. Data are means ± SEM, *n* = 4. \**P* \< 0.05 vs. day 0 of differentiation. *F*: The binding activity of Sp1 to the DsbA-L intronic sequence was reduced during 3T3-L1 adipocyte differentiation. Nuclear extracts from 3T3-L1 cells during different stages of differentiation were incubated with labeled DsbA-L oligonucleotide. The specific DNA-protein complexes are indicated by the arrow. Quantification of the relative change in protein bound (expressed as percentage of day 0 protein bound, arbitrarily set as 1.0) was performed by analyzing EMSA data using the Scion Image program (Scion Corp.). Data are presented as means ± SEM from three independent experiments with similar results. \**P* \< 0.05 vs. day 0. *G*: Sp1 expression during 3T3-L1 cell differentiation (Diff). Sp1 gives rise to two bands of 95 and 106 kDa on SDS gels. Quantification of the relative protein levels (expressed as percentage of day 0 protein levels, arbitrarily set as 1.0) was performed by analyzing Western blot data from three independent experiments using the Scion Image program. Tubulin was used as a loading control. Data are means ± SEM. \**P* \< 0.05 vs. day 0. *H*: DsbA-L mRNA is decreased in HFD-fed mice. Data are means ± SEM, *n* = 5. \**P* \< 0.05 vs. ND-fed mice. *I*: The binding activity of Sp1 is increased in adipose tissues of diet-induced obese mice. Nuclear proteins were prepared from the adipose tissues of ND-fed or HFD-fed C57BL/6 mice. The specific DNA-protein complexes are indicated by the arrow. Quantification of the relative change in protein bound (expressed as percentage of ND-fed mice protein bound, arbitrarily set as 1.0) was performed as described for *F*. \**P* \< 0.05 vs. ND-fed mice. *J*: Sp1 expression in diet-induced obese mice. Quantification of the relative protein levels (expressed as percentage of ND-fed mice protein level, arbitrarily set as 1.0) was performed as described in *G*. \**P* \< 0.05 vs. ND-fed mice.](4165fig3){#F3}

Expression of DsbA-L mRNA in 3T3-L1 Cells During Differentiation and in Diet-Induced Obese Mice {#s13}
-----------------------------------------------------------------------------------------------

Since DsbA-L is reported to be highly expressed in adipose tissue and the protein expression is activated during 3T3-L1 cells differentiation ([@B1]), we examined how DsbA-L transcription is regulated during 3T3-L1 differentiation. As shown in [Fig. 3*E*](#F3){ref-type="fig"}, DsbA-L mRNA was barely detectable in preadipocytes, remained low at day 2 of differentiation and increased markedly from day 4 to day 9 during the late stage of differentiation. Given that Sp1 acted repressively on the DsbA-L promoter activity, we investigated whether the transcriptional role of Sp1 might be influenced during differentiation by EMSA using nuclear extracts from adipocytes during different differentiation stages. EMSA detected a band in 3T3-L1 preadipocytes ([Fig. 3*F*](#F3){ref-type="fig"}, lane 2). The intensity of this band was decreased during differentiation compared with preadipocytes ([Fig. 3*F*](#F3){ref-type="fig"}), indicating a gradual reduction in the binding activity of Sp1 to the DsbA-L intronic sequence during adipocyte differentiation, which coincided with the increases in DsbA-L mRNA levels in the course of 3T3-L1 adipogenesis. Consistent with this result, Sp1 expression was reduced during 3T3-L1 differentiation ([Fig. 3*G*](#F3){ref-type="fig"}), which was reflected in the decrease in Sp1 binding activity. Moreover, the expression and the binding activity of Sp1 were markedly increased in adipose tissues of high-fat diet (HFD)-induced obese mice compared with normal diet (ND)-fed mice ([Fig. 3*I* and *J*](#F3){ref-type="fig"}) concurrently with a significant decrease in DsbA-L mRNA levels in adipose tissues of the HFD-fed mice ([Fig. 3*H*](#F3){ref-type="fig"}).

Discussion {#s14}
==========

In this study, we characterized the DsbA-L promoter region and analyzed potential transcription factors involved in the regulation of DsbA-L promoter activity. Our results demonstrate the presence of a Sp1-binding site in the first intron of the DsbA-L gene. We also show that Sp1 functions as a transcriptional repressor to regulate DsbA-L gene expression.

Sp1, a ubiquitously expressed mammalian transcription protein, is known to interact directly or indirectly with several nuclear proteins such as transcription-associated proteins, sequence-specific DNA-binding proteins, transcriptional regulators, and chromatin remodeling factors in a dynamic complex to regulate transcription ([@B8]--[@B10]). Depending upon the proteins with which it interacts, Sp1 activates or represses transcription of many genes in response to physiological and pathological stimuli ([@B11]--[@B14]). Sp1 has been shown to repress gene expression through the recruitment of histone deacetylase or DNA methyltransferase ([@B11],[@B12],[@B15]). However, Sp1 has also been shown to regulate gene expression by binding to the same sites where some other transcription factors such as MAZ, YY1, and c/EBP bind, leading to overlapping specificities and affinities ([@B16]--[@B19]). Our results show that the Sp1-binding site within the intron 1 is important for the negative regulation of DsbA-L. However, removing 9 bp within the Sp1-binding site did not completely recover luciferase reporter activity, suggesting that Sp1 may only be part of the transcriptional machinery that cooperatively inhibited DsbA-L gene expression. Other transcriptional factors or transcription components may also be involved in the regulation of DsbA-L. Further studies will be needed to address these questions.

DsbA-L is an evolutionarily conserved protein, and its transcript is widely expressed among various kinds of tissues ([@B5]). A recent study showed that DsbA-L is highly expressed in adipose tissues and the protein level increased dramatically during 3T3L-1 differentiation ([@B1]). Coincidentally, we found that DsbA-L transcript was greatly induced in the course of 3T3-L1 adipogenesis. Interestingly, the binding activity of Sp1 to the DsbA-L intronic sequence was reduced during 3T3-L1 adipocyte differentiation, which is in line with the increase in the mRNA level of DsbA-L during the differentiation process. Taken together, our results demonstrate that Sp1 functions as a transcription repressor of the DsbA-L gene in preadipocytes and reduced Sp1 expression and its binding capacity to the intron region of DsbA-L gene may account for the increased expression of DsbA-L in adipocytes. These results are in agreement with the findings that the cellular levels and/or the binding activity of Sp1 decreased after exposure of preadipocytes to the differentiation inducers ([@B19],[@B20]). In accordance with the previously observation that HFD feeding significantly reduced the protein level of DsbA-L ([@B1]), Sp1 expression and its binding activity are increased in adipose tissues of diet-induced obese mice, suggesting that increased Sp1 levels and its action may provide a mechanism underlying obesity-induced downregulation of DsbA-L and thus adiponectin multimerization and stability.

In summary, our study has demonstrated that the proximal promoter of DsbA-L is located from −186 to −34 relative to TSS. The +391 to +432 region encompassing the Sp1-binding site is essential for the negative regulation of DsbA-L gene expression. Overexpression of DsbA-L has been shown to protect mice against diet-induced obesity and metabolic dysfunction ([@B3]). Identification of Sp1 as a negative regulator of DsbA-L gene expression should provide useful information on the development of therapeutic treatment for obesity and its associated metabolic disorders.
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